The protein phosphatase 2A (PP2A) regulatory subunit Tap42 is essential for target of rapamycin (TOR)-mediated signaling in yeast, but its role in higher eukaryotes has not been established. Here we show that Tap42 does not contribute significantly to TOR signaling in Drosophila, as disruption of the Tap42 gene does not cause defects in cell growth, metabolism, or S6-kinase activity characteristic of TOR inactivation. In addition, Tap42 is not required for increased cell growth in response to activation of TOR signaling. Instead, we find that Tap42 mutations cause disorganization of spindle microtubules in larval neuroblasts, leading to a preanaphase mitotic arrest in these cells. Loss of Tap42 ultimately results in increased JNK signaling, caspase activation, and cell death. These phenotypes are associated with increased accumulation and nuclear localization of PP2A in Tap42 mutant cells. Our results demonstrate that the role of Tap42 in TOR signaling has not been conserved in higher eukaryotes, indicating fundamental differences in the mechanisms of TOR signaling between yeast and higher eukaryotes.
T HE target of rapamycin (TOR) protein kinase protransporter degradation, and induction of stress response genes (Di Como and Arndt 1996; Schmidt et al. 1998 ; motes cell growth in response to favorable nutrient and environmental conditions. By regulating the phosBeck and Hall 1999; Duvel et al. 2003) . Moreover, specific Tap42 point mutations confer dominant rapaphorylation of its downstream effector proteins, TOR mycin resistance (Di Como and Arndt 1996; Duvel et controls a number of metabolic processes important for al. 2003). Tap42 thus behaves overall as a positive efcell growth, including ribosome biogenesis and translafector of TOR signaling, although some TOR-regulated tion, nutrient import, transcription, and autophagy. In processes such as ribosomal protein gene transcription response to nutrient withdrawal or treatment with rapaand autophagy are independent of or antagonized by mycin, a specific inhibitor of TOR, downstream targets Tap42 (Noda and Ohsumi 1998; Duvel et al. 2003) . of TOR are rapidly dephosphorylated, leading to a reCurrent models posit that Tap42 may act as a modifier versible growth arrest. of PP2A substrate specificity or that phosphorylation of In addition to direct phosphorylation of its substrates, Tap42 may convert it from an activator to a repressor TOR may also control the phosphorylation status of of PP2A activity (Duvel and Broach 2004) . these proteins by modifying the activity of protein phos-PP2A-related phosphatases may also play an imporphatases. In yeast, TOR promotes the association of the tant role in TOR signaling in mammalian cells, although type 2A-related phosphatases Pph21/Pph22 and Sit4 their role is less well defined than in yeast. Inhibitors with the 42-kDa regulatory subunit Tap42 (Di Como of type I and type 2A phosphatases such as calyculin and Arndt 1996). Inactivation of TOR signaling results and okadaic acid antagonize rapamycin-induced dein dephosphorylation of Tap42 and dissociation of Tap42/ phosphorylation of the TOR substrates S6K and 4E-BP1 PP2A complexes. Mutations in Tap42 block the TORand promote S6K activation and cell growth (Leicht et dependent phosphorylation of a number of proteins al. 1996; Lin and Lawrence 1997; Hara et al. 1998 ; and mimic many of the effects of rapamycin treatment, Peterson et al. 1999; Krause et al. 2002) . Furthermore, including growth arrest, reduced translation, nutrient rapamycin treatment increases the activity of PP2A toward 4E-BP1 in vitro (Peterson et al. 1999) , suggesting that TOR may promote phosphorylation of its substrates (Murata et al. 1997; Inui et al. 1998) , alTap42, and a 6.6-kb KpnI/AvrII fragment, which encodes though others found that it does not (Chen et al. 1998; Nnp-1, CG6523 , and Tap42. These fragments were ligated into Nanahoshi et al. 1998; Kloeker et al. 2003) . As in yeast, pP Inui et al. 1998; Nanahoshi et al. 1998) partner for the tripartite motif (TRIM) family protein CM1 (BD Biosciences, 1:10,000), and rabbit anti-␤-galactosidase (Cappel; 1:10,000). Anti-Tap42 antibodies were raised in MID1 (Liu et al. 2001; Reymond et al. 2001; Trocken- (Schweiger and Schneider 2003) . MID1 was performed as described (Scott et al. 2004 were performed as described (Gao et al. 2002) . The phosphoIn Drosophila, the functions of both TOR and PP2A S6K antibody against Thr 398 (corresponding to Thr 389 of human S6K) was from Cell Signaling Technology.
have been well characterized genetically, but a role for Tap42 has not been described. Here we report the isolation of mutations in the Drosophila Tap42 gene. Al-RESULTS AND DISCUSSION though Tap42 is essential for cell viability, we demonstrate by a number of molecular and phenotypic criteria Generation of Drosophila Tap42 mutants: BLAST searches of the Drosophila genome revealed a single gene that it does not play an appreciable role in TOR signaling. Our results reveal that a major function of Tap42 CG31852 with significant identity to Tap42/␣4 ( Figure 1 , A and B). The protein encoded by CG31852 displays 29 is to regulate the abundance and intracellular localization of PP2A.
and 24% overall identity to human ␣4 and yeast Tap42, respectively, similar to the 24% identity between the human and yeast proteins (Di Como and Arndt 1996).
MATERIALS AND METHODS
The central region of ␣4 shown to mediate interactions with PP2A (Liu et al. 2001; Trockenbacher et al. 2001) Generation of a Tap42 deletion mutant: Tap42 sequence alignments and E-values were determined from pairwise BLAST is particularly well conserved (35% identity). Consistent comparisons using the BLOSUM62 matrix (Tatusova and with this, antibodies raised against a CG31852-GST fu-
sion recognized a protein of ‫24ف‬ kDa and were able to the 5Ј-UTR of Nnp-1, was mobilized through standard crosses to co-immunoprecipitate the PP2A catalytic subunit (PP2Ac) strains expressing P transposase. Resulting w Ϫ flies that failed to complement the original l(2)k07826 line were tested for from larval extracts ( Figure 1C ). We therefore follow imprecise excision events in PCR reactions with primers flankthe yeast nomenclature and refer to CG31852 as Tap42, ing the P insertion site and the Tap42 transcription unit. From for two A-associated protein of 42 kDa.
‫004ف‬ lines generated, a single line ⌬305b was identified with
To initiate a genetic analysis of Drosophila Tap42, we a unidirectional deletion that extends into the Tap42 gene. made use of a strain harboring a lethal P-element insertion The extent of this deletion was determined by sequencing PCR products generated with oligos flanking the deletion.
in the Nnp-1 locus ‫5.1ف‬ kb upstream of the start of the showing the orientation of transcription units, the extent of the ⌬305b deletion generated from excision of the l(2)k07826 P element, and the 5.1-and 6.6-kb genomic fragments used for transgenic rescue (shaded bars). Arrows indicate the direction of transcription of each gene. Exon/ intron structure and coding region (solid boxes) are shown for Tap42 only. Ability of the rescue constructs to restore viability to flies homozygous for the ⌬305b deletion is indicated.
Tap42 transcription unit ( Figure 1D ). Through imprethe 6.6-kb genomic construct provided full rescue to adult viability and fertility. In contrast, the lethality of cise excision of this P element, a single deletion ⌬305b that removed the P element and 1.6 kb of sequences ⌬305b homozygous animals was not rescued by either one or two copies of the 5.1-kb rescue construct (desigdownstream was recovered. The ⌬305b deletion extends through the transcription and translation start sites of nated Tap42
). To ask whether the lethality of Tap42 ⌬305bϩ5.1 animals Tap42 and removes the first eight codons of the Tap42 coding region, thus resulting in a presumptive null alwas due solely to loss of Tap42, we tested whether ubiquitous expression of Tap42 could rescue these mutants, lele. As the deletion disrupts both Nnp-1 and Tap42, as well as a small intervening gene CG6523, we generated by introducing a tubulin-GAL4 driver and UAS-Tap42 insertion into the Tap42 ⌬305bϩ5.1 mutant background. two genomic rescue constructs: a 6.6-kb genomic fragment that spans all three genes and a 5.1-kb fragment This combination of rescue constructs allowed development to adulthood, confirming that Tap42 ⌬305bϩ5.1 muencompassing the Nnp-1 and CG6523 genes but not Tap42 ( Figure 1D ). Whereas the ⌬305b deletion retants are specifically defective for Tap42. These animals are henceforth referred to as Tap42 mutants. Tap42 musulted in recessive embryonic lethality, a single copy of tant animals progressed to the early third instar larval phases was also indistinguishable from that of wild type. Overexpression of Tap42 using the flip-out GAL4 method stage with a slight developmental delay and died shortly thereafter, between 96 and 120 hr after egg laying. Thus, (Neufeld et al. 1998 ) with a UAS-Tap42 transgene also had no measurable effects by FACS analysis (data not Tap42 is an essential gene required for larval development.
Tap42 is not an essential component of the TOR shown). As shown previously, loss of TOR signaling results in a marked accumulation of large lysotracker-positive pathway: In Drosophila, mutations in TOR result in a severe growth arrest during larval development, and vesicles in the larval fat body, indicative of autophagy induction (Scott et al. 2004) . In contrast, lysotracker mutant animals display an extended larval period of up to 4 weeks (Oldham et al. 2000; Zhang et al. 2000) . As staining was not observed in Tap42 mutants ( Figure 2D ). Thus, loss or overexpression of Tap42 does not result this phenotype is rather distinct from that of Tap42-animals, which grow larger but die sooner than TOR in cell growth or metabolism defects typical of bona fide components of the TOR pathway. mutants, we compared the cellular consequences of Tap42 and TOR mutations. Loss of TOR has been shown TOR promotes cell growth in large part through activation of S6K, as S6K activity is greatly reduced in TORto result in reduced cell size, arrest in the G 1 phase of the cell cycle, and induction of autophagy (Oldham et cells, and expression of constitutively active S6K can rescue the growth defects of TOR mutants (Oldham et al. 2000; Zhang et al. 2000; Scott et al. 2004 ). In contrast, confocal and FACS analysis revealed no change al. 2000; Zhang et al. 2000; Gao et al. 2002; Scott et al. 2004) . TOR is also required for stimulation of cell in the size of Tap42 mutant cells, and the cell cycle phasing of these cells was indistinguishable from that growth in response to PI3K overexpression or loss of the tumor suppressor PTEN (Zhang et al. 2000 ; Neufeld of wild-type controls (Figure 2, A and AЈ) . The size of Tap42 mutant cells in specific G 1 , S, or G 2 cell cycle 2004). To further test the role of Tap42 in TOR signal-ing, we examined whether Tap42 influences the activity played the characteristic increase in cell size and S/G 2 content of PTEN-single mutants (Figure 2 , B and BЈ). or effects of these molecules. Whereas RNAi-mediated depletion of TOR in S2 cells resulted in complete inactivaThus, Tap42 is not required for TOR-dependent growth responses to PI3K/PTEN. Taken together, these data tion and dephosphorylation of S6K ( Figure 2E , lane 3), depletion of Tap42 had no effect or in some cases slightly indicate that Tap42 does not contribute significantly to TOR signaling in Drosophila. increased S6K phosphorylation ( Figure 2E , lane 2), again indicating that TOR signaling is not disrupted in these Tap42 is required for progression through mitosis: Given their lack of effect on TOR-mediated processes, cells. Depletion of PP2Ac resulted in a marked increase in S6K phosphorylation ( Figure 2E, lane 4) . Thus, TOR we asked whether Tap42 mutants displayed other cellular phenotypes that could account for their lethality. In and PP2A have opposing effects on S6K activation, indeDrosophila, mutations in PP2Ac or the PP2A-related pendent of Tap42. phosphatase PP4 have been shown to result in specific Consistent with these observations, ubiquitous expresmitotic defects, including a preanaphase arrest with sion of activated S6K did not bypass the arrest of Tap42 highly condensed DNA, missing or abnormal mitotic mutants (not shown). Furthermore, while TOR mutants spindles, and multiple centromeres (Snaith et al. 1996 ; block the effects of PTEN inactivation (Zhang et al. Helps et al. 1998) . Mutations in twins, which encodes a 2000), Tap42-cells showed a normal response to disrup-B/PR55 regulatory subunit of PP2A, also result in detion of PTEN, as Tap42-PTEN-double-mutant cells dislayed or aberrant progression through anaphase (Gomes et al. 1993) . These phosphatases likely antagonize the activity of multiple kinases active during mitosis, including Cdc2, aurora, and polo-like kinases.
To examine the effect of Tap42 on mitotic progression, we stained whole-mount brain preparations from Tap42 mutant larvae with an antibody against phosphorylated histone H3 (PH3), which labels chromosomes of mitotic cells. In control animals, we observed PH3-marked chromosomes with varying configurations and degrees of condensation ( Figure 3A) , reflecting progression from prophase through late anaphase. In contrast, in Tap42 mutant brains nearly all PH3-positive cells displayed highly condensed chromosomes ( Figure  3B ). Whereas 14.8% of PH3-marked control cells were in anaphase (n ϭ 682 cells in seven brains), we were unable to identify any PH3-marked cells in anaphase or telophase in Tap42-animals (0/338 cells in 10 brains; Figure 3C ). In addition, mitotic spindles were less organized and more diffuse in appearance in Tap42-than in control brains ( Figure 3B ). We also examined the staining pattern of MPM2, a phospho-epitope found on a number of components of the mitotic apparatus, including regions of the centromere and centrosome. In Tap42-cells, centromeric labeling of MPM2 was absent or reduced, while staining surrounding centrosomes was increased and more diffuse than that in controls ( Figure 3E ), indicating that Tap42 may differentially affect MPM2 phosphorylation in different cellular compartments. In summary, mutations in Tap42 disrupt spindle morphology and arrest mitosis prior to anaphase entry, phenotypes similar to those caused by mutations in PP2A catalytic and regulatory subunits. While this phenotypic similarity is consistent with a positive role for Tap42 in regulating PP2A activity during mitosis, it may also reflect engagement of a common mitotic checkpoint despite distinct or even opposing primary defects.
Tap42 mutations alter the levels and cellular localization of PP2A: The defects in spindle microtubules in Tap42 mutants are consistent with prior observations of a specific microtubule-associated pool of PP2A (Sontag et al. 1995) . In mammalian cells, Tap42/␣4 has been suggested to play a role in targeting PP2Ac to microtubules through its interactions with the microtubule-associated protein MID1 (Cainarca et al. 1999 ; Schweiger units results in destabilization of PP2Ac (Liu et al. 2001; UbiGFP FRT40A; P[5.1] Silverstein et al. 2002) . In addition, we found that loss of Tap42 altered the intracellular localization of PP2A. Whereas PP2Ac was predominantly cytoplasmic in wildtype cells, loss of Tap42 resulted in increased nuclear Tap42 may effect the nuclear exclusion of PP2Ac through localization of PP2Ac; this effect was most noticeable a direct anchoring mechanism, perhaps to the cytoin the large squamous cells of the wing disc peripodial plasmic microtubule network, or may regulate nuclear membrane ( Figure 3G ). In contrast, loss of TOR had no permeability or transport rates. Alternatively, loss of Tap42 effect on PP2Ac localization ( Figure 3H ). Thus, Tap42 may lead to nuclear membrane disruption, allowing difacts independently of TOR to limit PP2Ac expression levels and to restrict its localization to the cytoplasm.
fusion and accumulation of PP2A in the nucleus.
Although several MID1-related genes can be identiet al. 1998) . Tap42 may thus promote cell survival in part by regulating the phosphorylation of one or more fied in Drosophila, none is an obvious MID1 homolog, as each displays significantly higher identity with other components of the JNK pathway. However, we note that activation of JNK signaling is required for a number of TRIM family members. For example, the Drosophila gene most similar to human MID1, CG31721 (blast cell functions in addition to apoptosis, including cell migration and morphogenesis. Furthermore, mutations e-value 1e-41), is a significantly better match to TRIM9 (blast e-value e-177), which localizes not to microtubules in hemipterous, which reduce JNK signaling, did not supbut to discrete cytoplasmic bodies of variable size (Reypress the lethality of Tap42 mutants (not shown), indimond et al. 2001) . A P-element insertion in CG31721
cating that other factors are likely to contribute to the did not display genetic interactions with Tap42 (data death of Tap42 mutant cells. not shown).
In summary, our results demonstrate that Tap42 conDisruption of Tap42 leads to activation of Jun N-termitrols the levels and localization of the PP2A catalytic nal kinase signaling and cell death: In the course of subunit, and in so doing it regulates essential functions analyzing the phenotypes of Tap42-wing imaginal disc including cell division and survival. Tap42 may directly cell clones, we noted that, whereas such clones could control the association of PP2A with specific cellular be readily identified 48 hr after induction, by 72 hr they compartments and substrates, or it may indirectly alter were no longer present ( Figure 4A ). In the eye imaginal substrate specificity by preventing specific pools of PP2A disc, Tap42 mutant clones were found to survive beyond from forming heterotrimeric complexes with A and B 72 hr in the mitotically quiescent region posterior to subunits. (Wassarman et al. 1996; Silverstein et al. 2002; Kins Genes Dev. 10: 1904 -1916 . Using an antibody that recognizes dual- shown). In contrast, JNK signaling was markedly acti- 
